Introduction {#sec1}
============

Solvent-free, solid polymeric electrolytes (SPEs)^[@ref1]^ are of interest for the development of safe, stable, and cost-effective battery technologies. Candidate SPEs typically require both a strong coordinating affinity for the conducting cation and a suitable distance between coordinating centers.^[@ref2],[@ref3]^ Consequently, poly(ethylene oxide) (PEO) and PEO-based polymers have been extensively characterized, although ambient temperature ionic conductivities in such polymers are not satisfactory for many practical applications.^[@ref4],[@ref5]^

Significant theoretical evidence suggests that ion transport in polymers is intrinsically coupled to polymer motion.^[@ref6]−[@ref15]^ In particular, numerous theoretical studies of ion transport in PEO-based SPEs have shown that lithium cations are typically coordinated by 4--7 oxygen atoms (from one or two independent chains) and diffuse via three principal mechanisms: interchain hopping, intrachain hopping, and codiffusion with short polymer chains (\<10 000 g/mol). Efforts to improve lithium-ion conductivity in PEO-based polymers have thus mainly focused on disrupting polymer crystallinity and lowering the glass-transition temperature *T*~g~, such as through the use of plasticizing additives,^[@ref16],[@ref17]^ cross-linked, comb, or graft polymer architectures,^[@ref18]−[@ref22]^ incorporation of comonomers into the PEO backbone,^[@ref23]−[@ref30]^ and polymer blends.^[@ref31],[@ref32]^ Despite these efforts, ionic conductivities in state-of-the-art, PEO-based SPEs remain limited at ambient temperatures.^[@ref21]^

Non-PEO-based polymer architectures provide new opportunities for enhancing ionic conductivity by altering ion--polymer and polymer--polymer interactions and are thus of interest for the design of next-generation SPEs. Ionic conductivity characteristics have been experimentally investigated in several novel polymers that include polyesters, polyphosphazenes, polyamines, polysilanes, polysiloxanes, and polycarbonates.^[@ref33]−[@ref40]^ However, few theoretical studies on the mechanisms of ion transport in such polymers have been performed, and it is not known to what extent the transport mechanisms present in PEO are shared in other polymer architectures. The design of new SPEs requires an improved understanding of the mechanisms that facilitate lithium-ion transport in polymers and the identification of new polymer architectures that efficiently realize these mechanisms.

Here, experimental synthesis and electrochemical characterization are combined with long-timescale molecular dynamics (MD) simulations to investigate lithium-ion transport in six new SPEs. Figure [1](#fig1){ref-type="fig"} illustrates a schematic overview of this approach. Modular synthesis produces six polyesters that have either of two backbone motifs and one of three side chains (Figure [1](#fig1){ref-type="fig"}, top). These polymers are then characterized using both simulation and experiment (Figure [1](#fig1){ref-type="fig"}, middle), which demonstrates the effect of polymer composition and architecture on ionic conductivity (Figure [1](#fig1){ref-type="fig"}, bottom). By comparing experimental observables with the corresponding quantities from simulation, we identify the primary trends regarding polymer architecture and conductivity. Agreement between simulation and experiment then provides a connection between macroscopic properties and molecular-level processes, which enables a detailed theoretical analysis of the molecular processes that give rise to the observed trends. This complementary approach provides a better understanding of ion transport in novel polymer electrolytes than would be obtained from either an independent experimental or theoretical study.

![A schematic overview of the study.](oc-2015-001959_0001){#fig1}

Polymer Structures {#sec2}
==================

Six aliphatic polyesters with two different backbone motifs and three different side chains are studied (Figure [2](#fig2){ref-type="fig"}). The repeat unit for each is an ester with a pendant side chain. For ease of reference, the polymers are indexed by number according to the side chain and by letter according to the backbone motif. Polymers are indexed as type-1 for a methyl side chain, type-2 for an allyl side chain, and type-3 for an ethylene-oxide oligomer (*n* = 2) side chain. The backbone motifs are indexed as type-a for polymers with a methylene between the two carbonyl groups and type-b for polymers with an oxygen between the two carbonyl groups. Comparison between type-a and type-b polymers probes the effect of adding a binding site for the lithium cation in the backbone. Similarly, comparison of type-1, -2, and -3 polymers probes the effect of including additional binding sites in the side chain.

![Repeat units for polyesters. Oxygen atoms are colored according to type: double-bonded carbonyl oxygens are green, ester oxygens are orange, ether oxygens in the backbone are purple, and ether oxygens in side chains are blue.](oc-2015-001959_0002){#fig2}

Methods {#sec3}
=======

Synthesis {#sec3.1}
---------

The polyesters are synthesized using the transition metal-catalyzed alternating copolymerization of epoxides and cyclic anhydrides.^[@ref41]−[@ref43]^ See [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00195/suppl_file/oc5b00195_si_001.pdf) (SI) for details. The polyester backbone structure is varied by copolymerizing glutaric anhydride (type-a) or diglycolic anhydride (type-b) with *S*-propylene oxide (type-1), allyl glycidyl ether (type-2), or 2-((2-(2-methoxyethoxy) ethoxy) methyl) oxirane (type-3) as shown in Figure [1](#fig1){ref-type="fig"} (top). Table [1](#tbl1){ref-type="other"} provides the number-averaged molecular weight ⟨*M*~n~⟩ and polydispersity index (PDI) for each polymer; the polymers in this study exhibit molecular weights that are sufficiently high to expect that variation in ⟨*M*~n~⟩ among the considered samples leads to only minor effects on conductivity and *T*~g~.^[@ref44],[@ref45]^

###### Polymer Properties for Simulation and Experiment

            simulation   experiment                                                            
  --------- ------------ ------------ ---- -------- ----------------------------------- ------ ------
  **1a**    2.54         11           35   0.0062   8.8                                 1.90   --29
  **1b**    2.57         11           47   0.0062   8.0                                 1.72   12
  **2a**    2.45         12           37   0.0077   10.4                                2.00   --44
  **2b**    2.47         12           49   0.0077   8.9                                 1.45   --15
  **3a**    2.57         11           39   0.0103   4.2                                 1.30   --48
  **3b**    2.59         11           41   0.0103   6.1                                 1.77   --26
  **PEO**   2.38         12           2    0.0139   5[c](#t1fn3){ref-type="table-fn"}   n/a    --60

Number of polymer chains.

Number of lithium cations per nine polymer backbone atoms.

The measurements for *T*~g~ and conductivity in PEO employ molecular masses of 4.6 kDa and 5.0 kDa, respectively.

Simulation {#sec3.2}
----------

All MD simulations employ a united-atom force field, with bonding parameters taken from CHARMM^[@ref46]^ and all other parameters taken from the TraPPE-UA force field;^[@ref47]−[@ref50]^ compatible lithium-ion parameters are obtained from previous simulation studies.^[@ref51]^ All simulations are performed using the LAMMPS simulation package^[@ref52]^ with GPU acceleration.^[@ref53],[@ref54]^ The equations of motion are evolved using the velocity-Verlet integrator with a 1 fs time step. Particle--particle--mesh Ewald summation is used to compute all nonbonded interactions beyond a 14 Å cutoff. The Nosé--Hoover thermostat (100 fs relaxation) is used for all NVT simulations, and the Nosé--Hoover barostat (1000 fs relaxation) is used for all NPT simulations. Results in the dilute-ion limit are obtained from simulations of a single lithium cation diffusing in the polymer. Additional details of the simulation protocols and all force-field parameters are provided in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00195/suppl_file/oc5b00195_si_001.pdf).

Characterization {#sec3.3}
----------------

For each polymer, *T*~g~ measurements of the neat polymer are made using differential scanning calorimetry. Polymer electrolytes are then prepared by mixing neat polymer sample with lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) salt and anhydrous *N*-methyl-2-pyrrolidone (NMP) in an argon glovebox until dissolution at 90 °C and drying under a vacuum at 90 °C to remove excess NMP. Ionic conductivities of the polymer electrolytes are determined from ac impedance spectroscopy. Additional details for both the *T*~g~ and conductivity measurements are provided in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00195/suppl_file/oc5b00195_si_001.pdf).

Ionic Conductivity Results {#sec4}
==========================

Using both simulation and experiment, we examine the ionic conductivities of each polymer in the dilute-ion limit, which minimizes complications associated with ion pairing and aggregation.

Figure [3](#fig3){ref-type="fig"}a--c presents MD simulation results for the mean square-displacement (MSD) of the lithium cation at 363 K. The slopes of the MSDs on a log--log scale are less than unity ([Table S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00195/suppl_file/oc5b00195_si_001.pdf)), indicating that the transport is not yet in the fully diffusive regime even after 150 ns. Comparison of polymers 1a and 1b (Figure [3](#fig3){ref-type="fig"}a) reveals that lithium-ion diffusion is slowed by the presence of the ether oxygen on the backbone. However, this effect is largely mitigated by the presence of side chains with oxygen atoms, as seen by comparing polymers 2a and 2b (Figure [3](#fig3){ref-type="fig"}b), and likewise for polymers 3a and 3b (Figure [3](#fig3){ref-type="fig"}c). Comparison of polymers 3a and 1b shows that the differences in polymer architecture considered here at most affect the lithium-ion diffusion by a factor of about 3.75. In contrast, the rate of lithium-ion transport is at least an order-of-magnitude faster in PEO than in any of the polyesters. In particular, the relative span of the subdiffusive regime, which is the near-plateau region in the MSD plots, reveals that the lithium cation is restricted to its local solvation environment for substantially longer times in the polyesters compared to PEO.

![Ion transport properties in the dilute-ion limit at 363 K. Lithium-ion mean square-displacement (MSD) from MD simulations in PEO and the (a) type-1 polymers, (b) type-2 polymers, and (c) type-3 polymers. The data for PEO are reproduced in each panel. (d) A comparison of experimental and simulated ionic conductivities; both sets of data are normalized by the corresponding conductivity in PEO. The error bars in (a--c) report the standard error of the mean obtained from block-averaging four 500 ns trajectories for each polymer; error bars in (d) report the sample standard deviation.](oc-2015-001959_0003){#fig3}

For comparison with experiment, the MSD results in Figure [3](#fig3){ref-type="fig"}a--c are used to compute approximate lithium-ion conductivities using the Nernst--Einstein equation^[@ref55]^ and the apparent lithium-ion diffusivity^[@ref6]^ evaluated at 150 ns ([Table S5 and Figure S21](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00195/suppl_file/oc5b00195_si_001.pdf)). Figure [3](#fig3){ref-type="fig"}d compares these results with experimental dilute ionic conductivities (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00195/suppl_file/oc5b00195_si_001.pdf), section 7) at the same temperature and effective concentration as the simulations (Table [1](#tbl1){ref-type="other"}).

Figure [3](#fig3){ref-type="fig"}d reveals good agreement between dilute-ion conductivities obtained from experiment and those obtained from MD simulations. This correlation for the relative ordering of conductivities suggests that the lithium-ion dynamics are mechanistically similar between simulation and experiment. However, the dilute-ion conductivities obtained from simulation are systematically lower than the corresponding experimental measurements; for example, the conductivity for PEO obtained from simulation is (9 ± 4) × 10^--6^ compared to (2 ± 1) × 10^--4^ S/cm. This is possibly because the MD conductivity results reflect only contributions from the lithium cation, whereas the experimental measurements include both cation and anion contributions; of course, it is also possibly due to inaccuracies of the employed MD force field. Furthermore, the molecular weights of the polymer chains are smaller in the simulations than in the experimental samples, though we do not expect this difference to have a substantial effect on conductivity based on our knowledge of the molecular weight-dependence on polymer electrolyte conductivity.^[@ref44],[@ref45]^ Polymer 1b is the only qualitative outlier in the correlation between experimental and simulation results. This is likely because polymer 1b is notably more solid in experiment, whereas this is not the case for the MD simulations. Even so, the experimental conductivities are all within a factor of 3 and an order-of-magnitude smaller than PEO. Thus, both experimental and simulation results indicate that the effect of varying polymer architecture in the polyesters is somewhat minor compared to the mechanistic advantage that apparently exists for PEO. In the next section, we investigate how differences in *T*~g~ affect the conductivity in these polymers.

Correlating *T*~g~ with Conductivity {#sec5}
====================================

Figure [4](#fig4){ref-type="fig"}a and Table [1](#tbl1){ref-type="other"} provide both experimental and simulated values of *T*~g~, which is often used as a proxy for the segmental mobility of polymer chains.^[@ref2],[@ref56]^ Figure [4](#fig4){ref-type="fig"}a illustrates that the experimental and simulation data are qualitatively similar by plotting the data relative to the glass-transition temperature for PEO, *T*~g,PEO~. Consistently, *T*~g~ is lower for type-a polymers relative to type-b polymers, which suggests that adding a polar ether oxygen between the two carbonyls decreases segmental mobility. The experimental data also show a weak but consistent side-chain dependence. Namely, increasing side-chain length (type-1 \< type-2 \< type-3) leads to a slight reduction in *T*~g~, possibly due to a plasticizing effect by the side chains or simply because the flexible side chains constitute a larger volume fraction of the polymer;^[@ref2],[@ref21],[@ref57]^ this particular trend is not as evident in the simulated *T*~g~ data.

![(a) *T*~g~ obtained via experiment using DSC (open symbols) and via MD using simulated dilatometry (filled symbols). (b) Correlation between dilute-ion conductivity and the inverse temperature difference from *T*~g~ at *T* = 363 K (experimental measurements). The dashed line indicates the linear fit of the data for the polyesters.](oc-2015-001959_0004){#fig4}

For the experimental data, Figure [4](#fig4){ref-type="fig"}b reveals the degree of correlation between ionic conductivity and *T*~g~ by plotting the dilute-ion conductivities (on a logarithmic scale) against 1000(*T* -- *T*~g~)^−1^. This analysis is similar to a typical Vogel--Fulcher--Tammann ionic conductivity plot,^[@ref2],[@ref58]^ except that a range of polymers (and thus a range of *T*~g~) is examined at a fixed temperature rather than the conductivity of a given polymer over a range of temperatures. The dashed line is the linear fit of the data for the polyesters only. Although there is an overall tendency for polymers with lower *T*~g~ to have higher ionic conductivities, the correlation is not well-characterized by a single line. In particular, the figure shows strikingly that PEO exhibits anomalously high conductivity among this set of polymers when only the effects associated with changes in *T*~g~ (i.e., polymer segmental mobility) are considered. We emphasize that the corresponding analysis performed using the simulation data yields identical conclusions ([Figure S25](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00195/suppl_file/oc5b00195_si_001.pdf)). In the following section, we demonstrate that this apparent anomaly in the conductivity of PEO can be understood if the connectivity of lithium-ion solvation sites is additionally considered.

Lithium-Ion Coordination Dynamics {#sec6}
=================================

Using the results from the MD simulations, we now investigate the mechanistic features of lithium-ion solvation and diffusion in the various polymer electrolytes to better understand the anomalously high conductivity of PEO.

Figure [5](#fig5){ref-type="fig"} presents an analysis of the lithium-ion coordination environments that are observed in the MD simulations. Representative MD snapshots of common lithium-ion coordination environments are shown in Figure [5](#fig5){ref-type="fig"}a for each polymer. It is well-known from previous MD studies that lithium cations are coordinated by one or two contiguous chain segments in PEO;^[@ref6],[@ref7]^ examples of both of these binding motifs are shown at the top of Figure [5](#fig5){ref-type="fig"}a. Interestingly, PEO is the only polymer among those studied here for which the lithium cation is frequently solvated by a single contiguous chain segment. This is surprising, given that the backbone composition for the type-b polymers is similar to PEO. Figure [5](#fig5){ref-type="fig"}a also reveals that the ester oxygens on the backbone are not typically present in the lithium-ion solvation shell for any of the polyesters. Comparison of the type-1, -2, and -3 polymers reveals that the side chain can drastically alter how the lithium cation is solvated by the polymer chain. For type-1 polymers, the side chain has no affinity for the lithium cation, and the cation predominantly coordinates with carbonyl oxygens on the polymer backbone. For type-2 and -3 polymers, oxygen atoms on the side chain do interact with the lithium cation. In fact, type-3 polymers coordinate lithium cations entirely with the PEO-like side chains.

![Analysis of lithium-ion coordination data from MD simulations at 363 K. (a) Representative snapshots of lithium-ion binding motifs observed in the MD simulations. The lithium cation is shown in silver, carbon atoms are black, and the oxygen atoms are colored according to the scheme in Figures [2](#fig2){ref-type="fig"} and [5](#fig5){ref-type="fig"}b. (b) The average number of oxygen atoms (left *y*-axis) and polymer chains (right *y*-axis) in the first solvation shell of the lithium cation. Vertical bars report the number of different oxygen types; markers report the number of coordinating chains in the solvation shell. Note that backbone ether contributions to the type-a polymers arise due to interactions with the terminal groups of the polymer chains. (c) Frequency of occurrence for lithium-ion binding motifs, where the binding motifs are defined according to the number of each oxygen type and the number of coordinating chains. The first three numbers refer to the number of carbonyl, ester, and ether oxygen atoms, respectively; the number following the dash refers to the number of different contiguous polymer chain segments (i.e., 402-2 indicates a motif with four carbonyl oxygens, zero ester oxygens, and two ether oxygens from two different chains). Only binding motifs that constitute more than 5% of the ensemble are explicitly listed; the remainder are included in "other". (d) Cation-oxygen radial distribution functions *g*~Li+,o~(*r*) for different oxygen types in the type-a polymers and in PEO. The *g*~Li+,o~(*r*) for each oxygen type is normalized with respect to the total oxygen number density in the polymer. Following the data set for polymer 1a, each subsequent data set is shifted vertically (by 5 units) and horizontally (by 1 Å) for clarity. All statistical properties are calculated from snapshots taken at 100 ps intervals during the MD trajectory. A threshold distance of 3.25 Å from the lithium cation is used to identify constituents of the first lithium-ion solvation shell.](oc-2015-001959_0005){#fig5}

To provide a more quantitative view of the lithium-ion solvation environments, Figure [5](#fig5){ref-type="fig"}b shows the average composition of the lithium-ion coordination environment in each polymer. Interestingly, the statistics for the type-3 polymers are nearly identical to each other and similar to those of PEO. There is also marked similarity between the PEO snapshot with two coordinating chains and the snapshots for the type-3 polymers in Figure [5](#fig5){ref-type="fig"}a. Whereas PEO coordinates the lithium cation with one or two chains, two to four polymer chains typically coordinate the lithium cation in the polyesters. Compared to the other polyesters, the type-3 polymers require fewer chains to coordinate the lithium cation, likely due to the coordinating ability of the PEO-like side chains. Additionally, a comparison of polymer 1a with 1b, and likewise for polymer 2a with 2b, indicates that fewer chains participate in lithium-ion coordination when polymers have an additional oxygen atom in the backbone. It is worth noting that the only ether contribution for the type-a polymers is due to the terminal groups of the polymer chain (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00195/suppl_file/oc5b00195_si_001.pdf), sections 4 and 8). However, additional simulations reveal that this is a minor effect ([Figure S24](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00195/suppl_file/oc5b00195_si_001.pdf)).

To elucidate the compositional differences in the lithium-ion coordination environment for each polymer, Figure [5](#fig5){ref-type="fig"}c presents the frequency with which different lithium-ion binding motifs are observed in the simulations. The binding motifs are identified by the number of each type of oxygen in the lithium-ion solvation shell and by the number of chains that participate in lithium-ion coordination. An array of binding motifs is observed in the type-1 and -2 polymers. In contrast, only one or two binding motifs are observed for polymers 3a, 3b, and also PEO. These results reveal a trend in which lithium cations that coordinate with more polymer chains also have more diversity in the observed binding motifs. It is interesting that the major binding motif for both the type-3 polymers and PEO is 006-2, or six ether oxygen atoms from two different polymer chains, even though PEO exhibits substantially higher conductivity. These results indicate that the composition of the first lithium-ion solvation shell does not fully explain the trends in Figure [3](#fig3){ref-type="fig"}d.

To characterize the lithium-ion solvation environment beyond the first lithium-ion solvation shell, Figure [5](#fig5){ref-type="fig"}d presents pair radial distribution functions (RDFs) for the lithium cation and each type of oxygen atom in the type-a polymers and in PEO; the corresponding RDFs for the type-b polymers are shown in [Figure S26](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00195/suppl_file/oc5b00195_si_001.pdf). Figure [5](#fig5){ref-type="fig"}d reveals that the types of oxygen atoms that are present in the first peak, which is the lithium-ion solvation shell as discussed for Figure [5](#fig5){ref-type="fig"}a--c, are absent or depleted in the second peak. For the type-1 and -2 polymers, the first peak, which occurs at approximately 2 Å, has only backbone contributions from carbonyl and ether oxygens; the second peak, which occurs at 4--4.5 Å, is mostly comprised of ester oxygens. For type-3 polymers, side-chain ether oxygens are found in the first peak but not in the second. This difference in composition between the first and second solvation shells suggests one reason for the faster lithium-ion diffusion in PEO. Namely, diffusion events in which the lithium cation escapes from its existing coordination environment to a neighboring environment are more likely to occur in PEO because the composition of atoms in the second solvation shell is similar to the first. Consequently, a binding motif comprised of atoms in the first solvation shell is roughly equal in free energy to a binding motif that has some atoms in the first solvation shell exchanged for atoms in the second. In contrast, for the polyesters, atoms in the second peak are not typically represented in the binding motifs enumerated in Figure [5](#fig5){ref-type="fig"}c, which indicates that binding motifs with those atoms are energetically less favorable.

To understand how these differences in lithium-ion solvation affect the conductivity, Figure [6](#fig6){ref-type="fig"} illustrates the displacement and coordination environment of the lithium cation in a long MD simulation for PEO and for polymer 3b. Figure [6](#fig6){ref-type="fig"}a,b illustrates changes in lithium-ion coordination environment by tracking the indices of oxygen atoms that are within 3.25 Å of the lithium cation. In particular, each oxygen atom in the system is labeled sequentially, starting at one end of a polymer chain and continuing to the end of that chain before proceeding to the next; the oxygen atoms are consecutively labeled from 1 to 648 for PEO and from 1 to 759 for polymer 3b. What appear as solid lines in the figure are actually formed from the markers of contiguous oxygen indices, as seen in the inset; thicker lines typically consist of five or six markers, and thinner lines typically consist of three markers. Figure [7](#fig7){ref-type="fig"}c,d shows changes in the lithium-ion position by tracking the net displacement of the lithium cation from its initial position.

![Analysis of changes in lithium-ion coordination with changes in lithium-ion position. Lithium-ion coordination environment for (a) PEO and (b) polymer 3b (markers denote coordination with oxygen for at least half of a 100 ps interval). The horizontal gray lines demarcate separate polymer chains. The inset in (a) illustrates the coordination over a 40 ns segment in the trajectory. Lithium-ion displacement from initial position in (c) PEO and (d) polymer 3b. The gray curve indicates the instantaneous displacement from the initial position, and the black curve indicates the rolling average over 100 ps intervals. Vertical, red lines highlight interchain hopping events.](oc-2015-001959_0006){#fig6}

From Figure [6](#fig6){ref-type="fig"}a,b, it is clear that one characteristic of PEO is that the lines fluctuate and drift during the simulation, whereas the lines for polymer 3b are comparatively static. This drift in oxygen indices is a signature of intrachain hopping of the lithium cation to adjacent monomers along the polymer backbone. Notably, PEO is the only polymer studied that illustrates this behavior. Intrachain hopping events are not observed in the type-3 polymers because the lithium cation is localized to the side chains ([Figure S27](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00195/suppl_file/oc5b00195_si_001.pdf)). Similarly, the lithium cation is localized between the two carbonyl groups on the backbone for the type-1 and -2 polymers, which also do not exhibit significant intrachain hopping events ([Figure S28](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00195/suppl_file/oc5b00195_si_001.pdf)).

Because intrachain hopping is not a viable mechanism in the polyesters, lithium cations are limited to diffusion via interchain hopping events and codiffusion with the polymer chains. Changes in coordination that correspond to interchain hopping events are highlighted by the vertical, red dashed lines in Figure [6](#fig6){ref-type="fig"}. Figure [6](#fig6){ref-type="fig"}c,d illustrates that significant lithium-ion displacements often coincide with these events. However, the lithium cation in polymer 3b is limited to local fluctuations during time intervals between interchain hopping events. It is evident that interchain hopping is a rare event that occurs on the 100 ns timescale, even in PEO. Thus, the presence of intrachain hopping in PEO is the primary reason for the faster lithium-ion diffusion compared to the polyesters.

To illustrate why these mechanistic differences arise, Figure [7](#fig7){ref-type="fig"}a shows viable cation solvation sites in polymer 3a, 3b, and PEO, which are obtained from snapshots of the corresponding MD simulations for each polymer. Here, viable solvation sites are considered to be arrangements of atoms in the polymer that are consistent with common binding motifs found in Figure [5](#fig5){ref-type="fig"}c; for the polymers in Figure [7](#fig7){ref-type="fig"}a, sites are defined as the centroid of a set of five or more ether oxygen atoms if each oxygen is also within 3.7 Å of that centroid. Sites are connected in the figure if they are closer than 3 Å to provide a qualitative understanding of available hopping events. It is clear that far fewer viable solvation sites are identified in the type-3 polymers than for PEO; similarly sparse networks characterize the type-1 and -2 polymers ([Figure S29](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00195/suppl_file/oc5b00195_si_001.pdf)). In contrast to the isolated clusters in the polyesters, PEO features a well-connected network of viable solvation sites by virtue of the compositional overlap between first and second solvation shells for the lithium cation (Figure [5](#fig5){ref-type="fig"}d).

![Analysis of lithium-ion solvation sites. (a) Viable solvation sites (green spheres) in representative configurations of polymer 3a, polymer 3b, and PEO. Sites connected by lines if they are within 3 Å to illustrate the relative connectivity. The polymer configuration is shown in the transparent representation. (b) The connectivity density of lithium-ion solvation-site networks for each polymer. Reported data are obtained from averaging over 16 MD trajectory snapshots.](oc-2015-001959_0007){#fig7}

To quantify the degree to which the various polymers exhibit connected networks of solvation sites, Figure [7](#fig7){ref-type="fig"}b provides the density of 3 Å connections between solvation sites, termed the connectivity, for each polymer. It is evident that the connectivity for PEO is an order-of-magnitude greater than any of the polyesters. The similarity between Figure [7](#fig7){ref-type="fig"}b and Figure [3](#fig3){ref-type="fig"}d is striking, indicating a strong relationship between connectivity and lithium-ion conductivity. The concept of connectivity provides an intuitive and potentially powerful explanation for the efficiency of the intrachain hopping mechanism in PEO. In an intrachain hopping event, the lithium cation effectively migrates up or down one polymer chain by exchanging a small number of solvating oxygen atoms. Here, this process is represented as a transition along an edge in the solvation-site network. Unlike the polymer architecture of the polyesters, the topology of PEO facilitates these transitions among solvation sites.

Conclusions {#sec7}
===========

This study combines experimental and theoretical approaches to investigate the mechanisms of lithium-ion transport in six new polyester-based polymer electrolytes, as well as PEO.

The modifications to polymer architecture considered are shown to significantly alter the lithium-ion solvation environment and effectively change whether the lithium-ion transport is side-chain- or backbone-mediated. These changes affect the ionic conductivity by a factor of 3. In contrast, the ionic conductivities of the polyesters are about an order of magnitude lower than in PEO (Figure [3](#fig3){ref-type="fig"}d). Because the glass-transition temperature of PEO is only modestly lower than that of some of the polyesters, the observed trends with ionic conductivity are not adequately explained on the basis of polymer segmental mobility (Figure [4](#fig4){ref-type="fig"}b).

To understand the anomalous diffusivity of PEO, the MD simulations are employed to perform an extensive analysis of the lithium-ion solvation and diffusion mechanisms in the various polymers. We find that PEO is the only polymer studied that frequently coordinates a lithium cation with a single chain or exhibits significant intrachain hopping of the lithium cations. This is primarily because the first and second lithium-ion solvation shells differ significantly in composition for all of the polyesters (Figure [5](#fig5){ref-type="fig"}d). Lithium-ion diffusion in the polyesters thus relies upon interchain hopping events, which occur infrequently on the 100 ns timescale, and codiffusion with the polymer chains, which is intrinsically slow (Figure [6](#fig6){ref-type="fig"}).

This analysis reveals that the anomalously high conductivity of PEO (Figure [3](#fig3){ref-type="fig"}d) can be easily understood in terms of a description of lithium-ion diffusion based on the density and proximity of viable solvation sites (Figure [7](#fig7){ref-type="fig"}a). Whereas PEO features a well-connected network of viable solvation sites, the polyesters have isolated clusters of sites that hinder efficient lithium-ion conduction. A simple metric of connectivity predicts an order-of-magnitude higher conductivity for PEO than the polyesters (Figure [7](#fig7){ref-type="fig"}b). Knowledge of the solvation structure, including attributes of the second solvation shell, the connectivity between solvation sites, and the number of chains involved in the coordination appears to provide a powerful tool for the design of future SPEs.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.5b00195](http://pubs.acs.org/doi/abs/10.1021/acscentsci.5b00195).

Synthesis details; simulation protocol details; electrochemical characterization details; description of terminal groups in MD simulations; force-field parameters for MD simulations; apparent diffusivities in simulations; dilute-ion conductivity measurement details; discussion of terminal group interactions with lithium cation in type-a polymers; correlation between *T*~g~ and conductivity for MD simulations; lithium cation-oxygen radial pair distribution functions for all polymers; coordination plots showing the localization of lithium cation in type-1, -2, and -3 polymers; snapshots of solvation-site networks in all polymers ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00195/suppl_file/oc5b00195_si_001.pdf))
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